of an evolutionarily related, Mn-dependent oxalate oxidase gives a chimeric variant (DASN) that exhibits significantly increased oxidase activity. The mechanistic basis for this change in activity has now been investigated using membrane inlet mass spectrometry (MIMS) and isotope effect (IE) measurements. Quantitative analysis of the reaction stoichiometry as a function of oxalate concentration, as determined by MIMS, suggests that the increased oxidase activity of the DASN OxDC variant is associated with only a small fraction of the enzyme molecules in solution. In addition, IE measurements show that C−C bond cleavage in the DASN OxDC variant proceeds via the same mechanism as in the wild-type enzyme, even though the Glu 162 side chain is absent. Thus, replacement of the loop residues does not modulate the chemistry of the enzyme-bound Mn(II) ion. Taken together, these results raise the possibility that the observed oxidase activity of the DASN OxDC variant arises from an increased level of access of the solvent to the active site during catalysis, implying that the functional role of Glu 162 is to control loop conformation. A 2.6 Å resolution X-ray crystal structure of a complex between oxalate and the Co(II)-substituted ΔE162 OxDC variant, in which Glu 162 has been deleted from the active site loop, reveals the likely mode by which the substrate coordinates the catalytically active Mn ion prior to C−C bond cleavage. The "end-on" conformation of oxalate observed in the structure is consistent with the previously published V/K IE data and provides an empty coordination site for the dioxygen ligand that is thought to mediate the formation of Mn(III) for catalysis upon substrate binding.
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T he enzymes oxalate decarboxylase (OxDC) and oxalate oxidase (OxOx) mediate the breakdown of the toxic metabolite oxalate (Scheme 1) 1 and are thought to share a common evolutionary precursor on the basis of the structural similarity and sequence identity of their "cupin" domains ( Figure 1) . 2, 3 Even though OxDC and OxOx both require a bound manganese ion for activity, 4−6 which is coordinated by identical ligands in the same octahedral geometry (Figure 1 ), these enzymes convert oxalate into different products. 1 Elucidating the details of the catalytic and chemical mechanisms employed by these enzymes therefore provides an opportunity to understand how changes in protein environment might modulate metal reactivity. 7 a that exhibited considerably elevated oxidase and decreased decarboxylase activities. 14 This remarkable finding was rationalized by assuming that the first two steps in the OxDC-and OxOx-catalyzed reactions are identical and result in the formation of a Mn-bound formyl radical anion (Scheme 2), which then partitions to give formate or CO 2 depending on whether Glu 162 is present to protonate the carbon atom.
14 Thus, the absence of a residue (equivalent to Glu 162 ) that is capable of mediating general acid/base catalysis in the OxOx active site 11, 15 results in the production of CO 2 and hydrogen peroxide, perhaps via a peroxycarbonate intermediate ( Scheme 2) . Alternate explanations can be advanced for the switch in reaction specificity observed for the DASN OxDC chimeric enzyme, including altered oxalate coordination to Mn(II) and oxidation of the formyl radical anion in solution after release from the active site due to an altered loop conformation. Furthermore, if Glu 162 mediates the initial proton-coupled electron transfer (PCET) step leading to C−C bond cleavage in Mn-bound oxalate, 16−18 then it is hard to understand how its absence in OxOx might permit that enzyme to employ the same initial chemical steps as those leading to radical anion in the OxDC-catalyzed reaction.
We now report investigations on a series of OxDC active-site loop variants using X-ray crystallography, membrane inlet mass spectrometry (MIMS), 19, 20 and 13 (V/K) isotope effect measurements. 17, 21 These studies provide the first structural insights into the mode by which oxalate coordinates the Nterminal Mn(II) ion in OxDC and suggest that the functional role of Glu 162 may be to "orient" the active-site loop into a conformation that precludes solvent access during turnover rather than to mediate the generation of a substrate-based radical intermediate as proposed previously. 16 
■ MATERIALS AND METHODS
Materials. All chemicals and reagents were purchased from Fisher Scientific (Pittsburgh, PA) or Sigma-Aldrich (St. Louis, MO), unless otherwise stated. [ 13 C 2 ]Oxalic acid (99% 13 C) was purchased from Cambridge Isotope Laboratories (Tewksbury, MA), and an oxalate assay kit was obtained from Trinity Biotech USA (Jamestown, NY). Nickel-nitrilotriacetic acid agarose (Ni-NTA) was supplied by Qiagen (Germantown, MD). DNA primers were synthesized by Integrated DNA Figure 1 . Ribbon representation of OxDC (left, PDB entry 1UW8) 10 and OxOx (right, PDB entry 1FI2) 11 showing the structural similarity of the cupin domains and Mn-binding sites in these enzymes. OxDC is constructed from two domains (N-terminal, blue; C-terminal, green) in both of which Mn(II) (orange spheres) is coordinated by conserved histidine and glutamate residues. OxOx has a single cupin domain (yellow) but also contains a tightly bound Mn(II) (orange sphere) coordinated by conserved histidine and glutamate residues. Oxygen atoms of metal-bound waters are rendered as red spheres. Expression and Purification of C-Terminally Tagged, Mn-Containing OxDC Variants. Plasmids containing genes encoding C-terminally tagged WT OxDC and the DASN OxDC chimeric variant were generously provided by S. Bornemann (John Innes Centre, Norwich, U.K.). The QuickChange Site-Directed Mutagenesis System (Stratagene, La Jolla, CA) was used to prepare all other OxDC loop variants. All recombinant, Mn-containing C-terminally His-tagged proteins were expressed in Escherichia coli strain BL21(DE3) following published procedures, 10, 16 except that expression was induced with 0.8 mM isopropyl β-D-1-thiogalactopyranoside in the presence of 5 mM MnCl 2 after the bacteria had been heat shocked for 15 min at 42°C. OxDC loop variants were then purified by metal affinity chromatography on a Ni-NTA column. The fractions containing the desired protein were pooled and subjected to multiple buffer exchange steps at 4°C to remove imidazole, and free metal was removed by passage over BT Chelex 100 resin. Recombinant enzymes were stored in 50 mM Tris buffer (pH 8.5) containing 500 mM NaCl and were concentrated, if necessary, using an Amicon Centriprep YM-30 filter unit from Millipore (Billerica, MA), with the enzyme concentration being measured by a Bradford assay using bovine serum albumin as the standard. 22 Expression and purification of the His 6 -tagged Co(II)-containing OxDC variant, which lacked the Glu 162 residue (ΔE162 OxDC), were accomplished by similar protocols, 23 except 2 mM CoCl 2 was added to the growth medium after the cells had been heat shocked and the soluble, recombinant enzyme was purified using a Talon cobalt column. The eluate was dialyzed overnight in the storage buffer [50 mM Tris-HCl (pH 8.5) containing 500 M NaCl] followed by a further purification step on a 320 mL Sephacryl S-100 gel filtration column.
Steady-State Kinetic Assays. The steady-state rate of enzyme-catalyzed oxalate breakdown could be determined in a continuous assay by measuring 13 CO 2 production and O 2 consumption using MIMS. These assays were performed using an Extrel EXM-200 quadruple mass spectrometer with an inlet probe, as described in detail elsewhere. 19, 20, 24 Thus, solutions containing [ 13 C 2 ]oxalate (0−100 mM) dissolved in 50 mM succinate buffer (pH 4.0) were equilibrated with air, dioxygen, or helium, and reaction was initiated by the addition of enzyme. Standard curves for the conversion of ion current into concentration were determined for CO 2 and O 2 using published methods. 19, 20 The addition of various known concentrations of solid K 2 CO 3 to aqueous AcOH (pH 2.0) was used to calibrate the CO 2 measurements, while buffer solutions containing known amounts of O 2 were obtained by mixing known volumes of O 2 -saturated buffer and buffer from which all dioxygen had been removed by purging with helium. a The metal content value has been reported previously for WT OxDC and is included here for ease of comparison. 17 b Reaction mixtures consisted of WT OxDC or the loop variant (5 μM) and potassium oxalate (0−80 mM) dissolved in 100 mM citrate buffer containing 300 μM ophenylenediamine (pH 4.2) at 25°C (total volume of 1 mL). Turnover was initiated by the addition of enzyme. After incubation at 25°C for 1 min, the reaction was quenched by the addition of 1.1 M aqueous NaOH (10 μL) and the formate quantified using the NADH absorption at 340 nm in an assay mixture containing formate dehydrogenase (pH 7.8).
17 c Reaction mixtures consisted of WT OxDC or the loop variant (0.5 μM) and potassium oxalate (0−50 mM) dissolved in 50 mM succinate buffer (pH 4.0) at 25°C (total volume of 1 mL). Turnover was initiated by the addition of enzyme, and hydrogen peroxide was quantified using the horseradish peroxidase−ABTS assay. Initial rates were determined from the linear portion of the continuous assay. 20 d The specificity switch value is calculated using eq 1 (see Materials and Methods).
e Steady-state kinetic parameters have been reported previously for this OxDC loop variant.
14 The values reported herein, however, have been redetermined for the recombinant enzyme expressed in our laboratory using reaction conditions identical to those reported in the earlier study.
f The specificity switch value in parentheses is that reported previously and is included in the table for ease of comparison. We note, however, that this earlier values was calculated using the following expression, 14 which differs from the equation (eq 1) used in our study: {[ 
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In the MIMS assay, initial reaction rates were determined from the slope of the linear portion of the curve after initiating reaction by the addition of enzyme. The reaction was quenched by addition of NaOH, and an aliquot was then taken out of the MIMS chamber to determine formate production using an endpoint assay as described elsewhere. 17 In a similar manner, oxidase activity was measured using a standard horseradish 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS)−H 2 O 2 − peroxidase system coupled assay, 12 for which control samples in which either oxalate or peroxidase was absent were required to correct for the ability of the OxDC loop variants to oxidize ABTS directly. 12, 21 The pH profile of the DASN OxDC variant was determined using the standard peroxidase−ABTS coupled assay except that reactions were performed in phosphatesuccinate buffer from pH 3.5 to 7.0. Measurements were taken at specific substrate and enzyme concentrations in duplicate, and the data were analyzed to obtain the values of V and V/K by standard computer-based methods. 25 The "specificity switch" value for all OxDC loop variants (Table 1) was calculated using the following expression:
where Cocrystallization of the Co(II)-Substituted ΔE162 OxDC Variant with Oxalate. Purified Co(II)-containing ΔE162 OxDC was concentrated to 5 mg/mL in 100 mM TrisHCl (pH 8.5) containing 500 mM NaCl and 10 mM potassium oxalate. Crystals were obtained by the vapor diffusion method with hanging drop geometry by mixing protein/oxalate (2 μL) and well solution (2 μL), using conditions similar to those used to crystallize the E162A OxDC variant (PDB entry 2UY9). 27 Thus, the well solution contained 100 mM Ches (pH 9.5) and 10% PEG 6000. Crystals, which were rectangular prisms (0.05 mm × 0.025 mm × 0.01 mm), appeared after 1 week at 17°C. These crystals were then cryoprotected in a well solution containing 25% glycerol and flash-frozen in liquid nitrogen.
Data Collection, Structure Determination, and Crystallographic Refinement of the Co(II)-Substituted ΔE162 OxDC Variant/Oxalate Complex. The Co(II)-substituted ΔE162 OxDC variant complex with oxalate crystallized in space group R3 2 with the following unit cell dimensions: a = b = 154.619 Å, and c = 121.954 Å. Data were collected to 2.6 Å resolution at the National Synchrotron Light Source (NSLS) of the Brookhaven National Laboratory (Upton, NY) at beamline X25 equipped with a Pilatus 6M detector (Table 2) . Phasing was achieved by molecular replacement 28 (Phaser-MR 29 ) using WT OxDC (PDB entry 1UW8), 12 after removing all ligands, metals, and water molecules, as the search model. The structure was refined using alternating rounds of manual rebuilding in COOT 30 followed by simulated annealing in PHENIX 31 using individual B factor refinement (occupancy was not refined). The oxalate ligand was placed in the corresponding density when the R factor reached 22%. The resulting model contained residues 6−382 of the enzyme with one molecule per asymmetric unit, one oxalate, two Co(II) ions, and 233 waters.
The model was refined to 2.6 Å resolution with R work and R free values of 17.5 and 22.4%, respectively ( Table 2 ). The Ramachandran plot shows that 94.9% of residues fall in the most favored regions, with 4.8% (17 residues) in the allowed regions and only 0.3% in the disallowed regions.
Kinetic Isotope Effect Nomenclature. In this work, 13 (V/ K) represents the ratio of V max /K M for the 12 C-containing substrate relative to the 13 C-containing substrate. 32 Kinetic Isotope Effect Measurements. The internal competition method 17, 33, 34 was used to measure the primary 13 C kinetic isotope effect (IE) for the conversion catalyzed by the DASN OxDC variant, with the 12 C/ 13 C ratio in CO 2 (g) produced in the reaction or indirectly from formate oxidation being analyzed by isotope ratio mass spectrometry (IRMS). 17 13 C was present in the carbon atoms of oxalate at natural abundance in these experiments, and the observed IEs are therefore associated with steps up to, and including, the first irreversible step in the mechanism (cleavage of the C−C bond in the substrate). 17 Analyses to determine the isotopic ratios (R values) were performed on CO 2 (g) isolated directly from the DASN-catalyzed partial conversion of oxalate. Enzymatic reactions were performed by incubation of the DASN OxDC variant with oxalate (1 mM) at 25°C in either 50 mM 1,4-bis(2-hydroxyethyl)piperazine (pH 4.2) or 50 mM piperazine (pH 5.7). All gases were passed over Ascarite to remove CO 2 (g) prior to use, and buffer solutions were sparged with N 2 (g) before use. The presence of oxygen is required for oxidase activity, so equal volumes of O 2 -saturated water (10 mL) and buffer were mixed to give the desired O 2 concentration in the experiment (total volume of 20 mL). Reactions were initiated by the addition of enzyme and a Data for the highest-resolution shell are given in parentheses. quenched by increasing the solution pH to 7.5 using either 1 N Tris-H 2 SO 4 buffer (pH 7.8) (reaction at pH 4.2) or 1 N Tris-H 2 SO 4 buffer (pH 7.5) (reaction at pH 5.7), after 2 and 4 h, respectively. After quenching, the solution was passed through an Amicon ultrafiltration system and an aliquot (50 μL) taken to determine the fraction of conversion, f, using an oxalate assay kit. H 2 O 2 was removed from the sample aliquot by the addition of catalase (10 μL of 10000 units/mg) because it interferes with the oxalate detection kit. After 10 min, CCl 4 (50 μL) was added and the sample centrifuged to remove the precipitated catalase. The resulting aqueous phase was taken and assayed for residual oxalate to determine the fraction of reaction. Formate in the sample was quantitated from NADH production upon the addition of formate dehydrogenase (FDH). 17 Observed IEs were analyzed using standard procedures and assumptions 17 using the following equation (eq 3): 
where 13 (V/K) is the 13 C IE, 13 k 3 and 13 k 5 correspond to the intrinsic isotope effects on the microscopic rate constants k 3 and k 5 , respectively, in the minimal kinetic mechanism (Scheme 3), and 13 K eq3 is the equilibrium isotope effect for the reversible conversion of the Michaelis complex to the first intermediate.
■ RESULTS
Steady-State Kinetics of OxDC Loop Variants.
A series of C-terminally tagged, Mn-containing OxDC variants (DASN, a DESN, DDSN, DDNS, DENS, and ΔE162) were prepared and their steady-state kinetic parameters determined using standard assays that measured formate or hydrogen peroxide production for the decarboxylase or oxidase activities, respectively (Table 1) . These experiments employed assay conditions similar to those used by Burrell and co-workers 14 and confirmed that the DASN OxDC variant exhibits significantly increased oxidase activity. As reported previously, reintroduction of the glutamate side chain into the loop (DESN variant) restored decarboxylase activity when compared with that of DASN, even if the remaining loop residues were altered (DENS variant) ( Table 1) . We also investigated the effect of introducing an aspartate residue at that position. The DDNS and DDSN OxDC variants both exhibited significant decarboxylase activity. Finally, we investigated the effect of deleting Glu 162 from the active-site loop. The decarboxylase activity of the resulting Mn-containing ΔE162 OxDC variant, as judged on the basis of k cat /K M /Mn, b was decreased approximately 1000-fold relative to that of the wild-type enzyme. On the other hand, this variant retained oxidase activity comparable to that of WT OxDC (Table 1) .
X-ray Crystal Structure of the Co(II)-Substituted ΔE162 OxDC/Oxalate Complex. Removal of Glu 162 , for which the equivalent residue is alanine in the OxOx active-site loop, diminished both catalytic activities. To examine the extent to which removal of this residue had perturbed the active site, we obtained diffraction quality crystals of the Co(II)-substituted ΔE162 OxDC variant; it has been shown previously that the presence of Co(II) permits oxalate binding but does not support catalysis. 4, 23 Phases were calculated using WT OxDC (PDB entry 1UW8) 10 as the model for molecular replacement to give a 2.6 Å resolution structure (Figure 2A ) composed of residues 6−382 (one protein chain) containing two Co(II) ions and one molecule of oxalate (Table 2) . This structure was then superimposed with those of WT OxDC in which the N-terminal active-site loop adopts an "open" (PDB entry 1J58) 36 and "closed" (PDB entry 1UW8) 10 conformation ( Figure 2B ). Deleting Glu 162 had no significant impact on the overall fold of the enzyme (rmsd of 0.22 Å) and resulted in a loop that adopted a shape similar to that of the "closed" conformation that has been reported previously, 10 although we acknowledge the possibility of some bias introduced by the choice of model for molecular replacement.
In addition to demonstrating the relatively small structural impact of deleting Glu 162 , we observed an oxalate molecule bound within the N-terminal domain of the Co(II)-substituted ΔE162 OxDC variant (Figure 3) but not in the C-terminal domain. This is further evidence of the view that catalysis is associated with the N-terminal Mn-binding site in WT OxDC 10,14,27,37 and provides a firm structural basis for (Figure 3 ). In addition to these four protein ligands, the two remaining sites on Co(II) are occupied by a water and an oxalate O, giving an overall octahedral coordination geometry. As expected on the basis of heavy-atom IE measurements, 17 the oxalate ligand is bound in an "end on" conformation with one oxygen atom of the carboxylate moiety coordinated to the metal ion with a coordination bond that is 1.7 Å in length. The second carboxylate group on oxalate lies sufficiently close to form a hydrogen bond with Arg 92 and Thr 165 (3.5 and 3.4 Å, respectively). While the positioning of Arg 92 remains unchanged in the oxalate-bound structure compared to that in the WT structure, Thr 165 adopts a different rotamer, allowing it to form the hydrogen bond with the substrate (Figure 3) . We note that the mode of coordination observed in the ΔE162 OxDC variant contrasts with a bidentate interaction between oxalate and the Mn(II) ion present in a putative OxDC (a monocupin with function assigned on the basis of 23% sequence identity) from Thermotoga maritima (PDB entry 1O4T), which was crystallized at pH 8. 39 Oxalate exists as a dianion at that solution pH; therefore, it is not surprising that binding of ligand to the Mn(II) center in this putative OxDC is bidentate, and we note that the decarboxylase activity assigned to this Thermotoga enzyme remains to be demonstrated. Indeed, if the Thermotoga enzyme is an oxalate decarboxylase, it is likely to function via a mechanism different from that of the B. subtilis ortholog given that it lacks both the SENS loop motif and other features of the oxalate-binding site. Perhaps of greater importance for understanding the catalytic mechanism used by WT OxDC is the fact that the Glu 162 side chain in the WT OxDC holoenzyme (PDB entry 1UW8) 10 occupies a position that would clash sterically with substrate if oxalate binds in the position seen in the Co(II)-substituted ΔE162 OxDC/oxalate complex ( Figure 3B ). To explore this further, we also made a model of WT OxDC with the oxalate in a "side on" 
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Article conformation by placing the carboxylate oxygens in the two positions occupied by water in the wild-type structure ( Figure  3C ). This binding mode of oxalate also forms a steric clash with the Glu 162 side chain (distance of 2.1 Å). Membrane Inlet Mass Spectrometric Characterization of the DASN OxDC Variant. Although the DASN OxDC variant exhibits significantly increased oxidase and decreased decarboxylase activity based on hydrogen peroxide and formate production, respectively, direct measurements of CO 2 release under steady-state conditions have not yet been reported. We therefore determined 13 CO 2 production from uniformly labeled [ 13 C 2 ]oxalate under acidic conditions (pH 4.0) using a continuous MIMS-based assay. 19, 20 Using the isotopically labeled substrate ensured that dissolved 12 CO 2 could not affect the rate of increase in the ion current at the m/z 45 ( 13 CO 2 ) peak associated with the decarboxylase and/or oxidase activity of the DASN OxDC variant. Another advantage of using the MIMS was that real-time monitoring of the ion current for the m/z 32 peak allowed concomitant measurement of O 2 consumption, thereby permitting a direct determination of reaction stoichiometry as a function of substrate concentration ( Figure 4A ). The DASN OxDC variant did indeed exhibit significant oxidase activity, but these direct mass spectrometric measurements indicated that the ratio of CO 2 production and O 2 consumption was not constant across the range of oxalate concentrations used in the experiment ( Figure 4B) . Thus, the ratio was approximately 2 at low substrate concentrations, as expected for oxalate oxidase activity. At oxalate concentrations of >20 mM, however, the ratio of CO 2 production and O 2 consumption increased to 3! To verify these MIMS measurements, we independently determined the rates of H 2 O 2 and formate production using standard peroxidase−ABTS 26 and FDH 17 assays, respectively, under these reaction conditions ( Figure 4A ). The MIMS-derived V max for O 2 consumption (4.6 ± 0.6 μmol min −1 mg −1
) was comparable with that determined for hydrogen peroxide formation (5.6 ± 0.5 μmol min −1 mg
−1
). In addition, the V max for formate production (1.3 ± 0.1 μmol min
) gave a calculated rate of 12.4 μmol min −1 mg −1 for CO 2 formation, based on the stoichiometries of the two activities and assuming that the V max for O 2 consumption was 5.6 ± 0.5 μmol min −1 mg −1 . This value derived from the independent rate measurements compares favorably with the observed MIMS-based rate of 12.5 μmol min −1 mg −1 for CO 2 formation ( Figure 4A) .
Heavy-Atom Isotope Effect Determinations for the DASN OxDC Variant. We next determined 13 (V/K) values for CO 2 produced from oxalate in the DASN-catalyzed oxidase reaction. In these experiments, the substrate concentration was maintained at 1 mM to ensure that residual decarboxylase activity exhibited by the DASN OxDC variant would be negligible, based on our MIMS measurements ( Figure 4B ). The pH dependence of V/K for the DASN variant was obtained on the basis of the initial production rate of H 2 O 2 that was measured by the peroxidase−ABTS assay over a range of 3.5− 7.0 ( Figure 5 ) and was similar to that seen for the decarboxylase activity of WT OxDC. 17 We therefore performed reactions at pH 4.2 and 5.7, and isotope ratio mass spectrometry (IRMS) was used to determine the 12 C/ 13 C ratio in the CO 2 produced from oxalate. Under these conditions, the vast majority of CO 2 is formed by the oxidase activity of the DASN OxDC variant. Independent assays confirmed this assumption by showing that formate was produced from <3% of initial oxalate. The observed 13 (V/K) values for the CO 2 produced by the DASN OxDC variant were very similar in magnitude to, albeit slightly smaller than, those reported for the decarboxylase activity of WT OxDC (Table 3) .
Quantitative analysis using a minimal kinetic mechanism (Scheme 3) up to, and including, decarboxylation to give the putative Mn-bound formyl radical anion (Scheme 2) gave estimates of k 5 /k 4 (5.7) and k 3 /k 2 (0.78) at a solution pH of 4.0 (see the Supporting Information) even though the Glu 162 side chain was replaced with alanine in this active-site loop variant. These values are almost identical to those computed from 13 (V/K) IE measurements on WT OxDC for which the oxidase activity is only 0.3% of the decarboxylase activity (Table 1) . Moreover, the bond orders of the carboxylate undergoing conversion to CO 2 in the transition state were very similar to the corresponding values reported for the WT enzyme (see the Supporting Information).
■ DISCUSSION
Many details of the catalytic mechanism by which OxDC catalyzes cleavage of the chemically unreactive C−C bond in oxalate remain the subject of speculation. Recent experimental 40, 41 and theoretical 18 work has shown that the reaction proceeds via substrate-based radical intermediates, which are most likely generated by enzyme-bound Mn(III) formed during catalytic turnover. 42 Strong evidence, derived primarily from Xray crystallography, 10, 27 exists to support the idea that the active site is located in the N-terminal domain of the enzyme, although the C-terminal Mn(II) ion also appears to be required for optimal activity. 4 Our observation of oxalate bound solely in the N-terminal domain of the Co(II)-substituted ΔE162 OxDC We therefore built a model of the active site in which both waters bound to the N-terminal Mn(II) ion in WT OxDC were replaced so that oxalate was coordinated to the metal in a side-on orientation ( Figure 3C ). Even when the enzyme is bound in this alternate orientation, a steric clash remains between oxalate and the Glu 162 side chain in its observed orientation in the X-ray crystal structure of WT OxDC with a distance between O (oxalate) and the carboxylate oxygens of Glu 162 of 2.1 Å ( Figure 3C ). Finally, it is also possible that when oxalate binds to the Mn(II) ion, with either monodentate or bidentate coordination, the Glu 162 side chain adopts the conformation seen in the WT OxDC/formate complex (PDB entry 1J58) 36 and does not occupy the active site simultaneously with oxalate. Evidence against this possibility, however, comes from V/K IE measurements and kinetic data showing the functional importance of Glu 162 for decarboxylase activity. 14, 16, 21 In the absence of additional evidence, we posit that the "end on" conformation of oxalate seen in the Co(II)-substituted ΔE162 OxDC active site does indeed represent the catalytically active orientation. Such a model is consistent with the quantitative interpretation of V/K IE data 17, 21, 22 and also provides an empty coordination site for the dioxygen ligand that is thought to mediate the formation of Mn(III) for catalysis upon substrate binding. 41, 42 We therefore undertook identification of structural determinants that might enforce this monodentate binding mode within the enzyme active site. Accordingly, cavities within the X-ray crystal structure of WT OxDC in which the 161 SENS 164 adopts the "closed" conformation (PDB entry 1UW8) 10 as well as the Co(II)-substituted ΔE162 OxDC variant were identified with the VOIDOO software package. 43 No cavity in the N-terminal domain active site was found in the closed WT OxDC structure, whereas one cavity corresponding exactly in size and shape to the oxalate ligand was observed for the ΔE162 OxDC variant ( Figure 6 ). As a result, we suggest that the location of the Glu 162 side chain that is observed when the SENS loop is in a "closed" conformation does not represent the catalytically competent form of the enzyme. This also suggests that the oxalate position observed in the ΔE162 OxDC variant is the catalytically competent position.
As reported previously, 14 the DASN OxDC variant showed substantially increased oxidase activity (Table 1) . MIMS-based characterization of the DASN OxDC variant, coupled with a quantitative analysis of IE measurements (Supporting Information), yields new insights into the molecular details underlying the "specificity switch" originally observed by Bornemann and co-workers. 14 We were initially surprised by the dependence of CO 2 /O 2 stoichiometry on oxalate concentration ( Figure 4B ). Assuming that both the decarboxylase and oxidase activities are taking place at the same active site of the enzyme, however, one can write the following expression (eq 4):
where x is the fraction of active sites exhibiting oxidase activity, [S] is the substrate concentration, and {V max } OX and {V max } DEC are the steady-state V max values for the oxidase and decarboxylase activities, respectively. Similarly, {K M } OX and {K M } DEC are the steady-state K M values for the oxidase and decarboxylase activities, respectively. The MIMS-derived stoichiometry at 100 mM was used to determine a value of 0.09 for x, thereby permitting prediction of the CO 2 /O 2 stoichiometry at all oxalate concentrations using eq 4. Indeed, the agreement between the calculated and experimental MIMSderived values ( Figure 4B ) is striking. We therefore conclude that oxidase activity is associated with only 9% of the total number of active sites under these reaction conditions, so the overwhelming majority of the DASN OxDC molecules therefore give rise to decarboxylase activity. Moreover, the similarity of the 13 (V/K) values for CO 2 produced by WT OxDC and the DASN OxDC variant (Table 3) is consistent with the notion that the catalytic steps leading to C−C bond cleavage are identical in the two enzymes, even though the Glu 162 side chain is absent. If the DASN OxDC variant were Figure 6 . Overlay of the active-site loop "closed" conformer of WT OxDC (PDB entry 1UW8; C, blue; Mn, blue) and the Co(II)-substituted ΔE162 OxDC/oxalate complex (C, green; Co, pink). The VOIDOO cavity (black cages) was calculated for the ΔE162 OxDC/ oxalate complex and predicts a cavity that overlays with both oxalate in the ΔE162 OxDC/oxalate complex and the side chain of Glu 162 when the active-site loop in WT OxDC adopts a "closed" conformation. The oxalate present in the Co(II)-substituted ΔE162 OxDC variant is colored cyan.
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14 Of course, this model also predicts that the Glu 162 side chain is not required for the PCET step, leading to an oxalate-based radical intermediate (Scheme 2), as proposed on the basis of heavy-atom IE studies employing the T165V OxDC variant. 16 It has also been shown that considerably more of the formyl radical anion intermediate reacts with spin-trapping reagents when oxalate is incubated with the DASN OxDC variant compared with WT OxDC.
14 The substantially higher oxidase activity exhibited by the DASN OxDC variant might therefore be a consequence of the loss of formyl radical anion into bulk solvent where it could then undergo reaction with superoxide to form peroxycarbonic acid, which then spontaneously breaks down to give CO 2 and hydrogen peroxide at pH 4.2. Of course, it is also possible that spin-trapping reagents have improved access to the active site of the DASN OxDC variant. In this case, the coupling of superoxide [formed by dioxygen-mediated production of Mn(III) 42 ] and formate radical anion would take place on the enzyme with subsequent release of peroxycarbonic acid.
Given that both of these models are consistent with an increased level of access of solvent to the active site, the observed switch in reaction specificity exhibited by the DASN OxDC variant may merely reflect an absence of the negatively charged Glu 162 side chain. There is no doubt that replacing Glu 162 with aspartate restores decarboxylase activity (Table 1 , DDSN and DDNS), showing that a negative charge at this position in the active-site loop is important for how the formyl radical anion intermediate partitions to products. Taken overall, our MIMS and IE data raise the possibility that the function of the Glu 162 side chain is to "lock" the mobile 161 SENS 164 loop into a catalytically competent conformation that precludes solvent access during catalytic turnover.
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